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Summary

The flow and sound fields of Jjets have been investigated

experimentally. The information given in the paper includes

examples of shadowgraph pictures, Mach-number profiles, pres-

sure space-time correlations and spectra in the near field

and spectra in the far field. Some consequences of the re-
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1, Introduction .

There 1s not much hope for a better theory of Jet ﬁoise than

Lighthill's theory (1,2,3) as elaborated upon by Ribner (4) and

Williams (5).

This does not mean that the theory now available completes our
detalled understanding of jet noise. It is rather that the prob-
lem beyond the present level of understanding 1is intractable and
therefore, perhaps, uninteresting to theoreticians. 1In addition,
our present understanding of jet noise has contributed significantly
to the technology of Jjet noise prevention. |

Whether our present knowledge and understanding is satisfactory
or not depends upon one's purpose. Also, of course, we don't know
how good the present theory is, because it is as good as most pres-

ent experimental information, in the sense that when experiment and

theory have disagreed in the past, it has been difficult to decilde

which to blame. Among the reasons for this, one can mention that
the experiments are difficult to perform accurately under controlled
circumstances, and that a theory for a stochastic process can yield
the correct root mean square without being physically correct.

For the last few years, we have been making measurements of jet
noilse at M.I.T. with the hope of learning more about the phenomenon

and the theory. An important additional consideration was the fact
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that while‘the theories give methods for predicting the far field
noise in terms of velocity fluctuations, they say very little
about how to determine the velocity fluctuations. This may not

be serious, since the similarity laws governing incompressible

jet turbulence are known (6), but our curiosity went beyond simi-
larity. I shall here give a short description of our measurements
and some examples of our results., The detailed results will be

published elsewhere,

2. ' The expérimental arrangement.

- In the construction of the apparatus, extreme care was taken
to a&oid parasitic sources of noise and vibration. After comple-
tion of thevapparatus, it took us a year of modification and re-
building before we got data which obeyed the more obvious simllarity
laws for changes 6f scale and flow variables. The arrangement is
shown in Fig. 1. 1In the settling chamber, the alr passes through
steel wool pads, a long honeycomb and screens, and the area ratio
of nozzle area to settling chamber cross-section 1is either 1/144 or
1/720, depending upon the nozzle diameter. The rms turbulence
level at the nozzle exit could not be detected using hot wire equip-
ment which had a noise level of less than 10'5 as measured in terms
of mean stream velocity. The anechoic chamber was designed for
short wavelengths, and worked satisfactorily.

- Among the parasitic influences, which gave trouble before they
were eliminated, were: vibrations from the air supply, amplifier

microphonics, sound-induced vibrations of the microphone supports,
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cattering around cables and microphone supports, besides many

others, adding up to a long tale of extended frustration, which
will not be told here.

3. Flow observations

In thls section we show the results of measurements obtained

by Kolpin (16), his results will be published in detail elsewhere.

Figures 2 and 3 show shadowgraphs of the flow from nozzles of
1/2 inch and 1 inch diameter, operating at Mach number M = .6 and
.8, respectively. The boundary layer on the nozzle wall at the
exlt 1s laminar in Fig. 2, while 1t is transitional or turbulent
in Fig. 3.

Figure 4 shows the local Mach number M(x,y) as a function of
distance from the nozzle exlt plane x =¥.d and distance from the
Jet axis y. The similarity when (M/Mcenterline? is plotted versus
M = 1517,'(291?-1 is shown in the lower half of Fig. &,

The laminar core extends approximately four diameters down-
stream of the nozzle exit for the larger jet (d = 1") and six
diameters downstream for the smaller jet (d = 1/2"), independent

of exit Mach number., The flow in the smaller Jjet was laminar at

the nozzle exit.

The root mean square fluctuation of axial velocity 4 =
cantarlive

at y = d was found to be practically constant for distances from

the nozzle exit plane between 1< ’ac-<6 for both jets, G/Ucenterline

varying between ,10 and .12. Figure 5 shows the normalized power

spectral density of these velocity fluctuations, u' at &= g—,
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, versus dimensionless frequency wx/U as measured by

exit’
Kolpin (16). The normalization is such that J- é(w) dw = 4
(-]

Finally, Fig. 6 shows the space-time correlation coefficient of
axial velocity fluctuations obtained for one combination of flow

parameters. The correlation coefficient R, (E,A%,t) is defined as

{u(z,?) L (B+AT,t+2)>
(z) U(z+Aax)

Figure § shows curves representing the variation of Ruu with

F?qu(z,,Aygl,'r) =

delay time x for various values of’ZSZ, measured at y = d/2,
Mexit = ,3 for a nozzle of one inch diameter. The logarithmic
decrement distance.zﬂg for which Ry 18 reduced by a factor of
1/e is approximately A; = A"/d = 1

The rounding off of the curves with increasing Z!g,represents
the rapld decay of the small ed@ies, while the larger eddies en-
dure for a longer distance.

The speed of travel of the disturbances (correlation speed)

was found to be U t/2_within the 1imits of experimental accuracy.

exi
These flow data are insufficient for predicting the sound emitted
from the jet, although the data appear to support many of the as-
sumptions usually made as to persistence, scale and similarity

of velocity fluctuations. The data also agree with those obtailned
by previous investigators (Corrsin (8), Corrsin and Kistler (7),
Corrsin and Uberoi (8), Crane and Pack (10), Kanpur (11),

Laurence (12), Lassiter (13), Liepmann and Laufer (14) Morkovin (1%),
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ugh the present data are more complete as far as compressible

Jet flows are concerned.

4, Pressure field measurements

Using small microphones of our own construction, we measured
the pressure fluctuations near the jet and power gspectral densitles
and space-time correlations., Figure 7 shows the mlcrophone arrange-
ment for near field measurements. The microphone support, a com-
bination of steel, brass, foam rubber and torturous shapes of
styrofoam, was the successful result of time-consuming and perhaps
not fully rational experimentation,

Because near fileld pressure measurements have in the past been
suspect because of the possibility of gusts hitting the microphone,
one needs to discuss this point.

There are always gusts on a microphone near a jet since the
unsteady velocity fleld extends to infinity. A microphone not 1in
the far field will be subject to "pseudo sound," the unsteady
pressure field associated with turbulence moving past the micro-
phone. If the presence of the microphone changes these pressure
fluctuations noticeably, one may say that gusts are hitting the
microphone. Since the problem of gusts is one of degree rather
than of kind, we devised an ad hoc definition.

A human hair was glued to the side of the microphone, Jutting

out approximately one millimeter beyond its face. The halr was

observed through a microscope at 20 times magnification. If the
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hair appcared to move at all, we said there were gusts on the
microphone. There were no gusts on the microphone in the re-
sults we are showing here,

The microphone responds to pressure fluctuations on its sur-
face, this pressure depends upon the fluctuating velocity fileld
at and away from the microphone. If the pressure fluctuations
are small, one may find a linear superposition of pressure flelds
satlisfactory, and the pressure fluctuation p' at a point x may be
written as an integral over space and time of an operator on the

field of velocity fluctuations

t,=t 32( " u.Y
f%iﬁ)=-J “EG(Lfb%tQ 2l dydt,
I 14

9Yi OY;

where the prime denotes the time-dependent part., The approxima-
tions involved here is that viscous stresses do not affect the
pressure~velocity relationship, and that the pressure density re-
lationship is locally polytroplc.

A microphone, therefore, responds to the entire velocity
field. The Green's function G(x,t| y,t) is, however, singular
at X =4, t = ty. One must therefore expect that velocity
fluctuations near the microphone will affect the pressure at the
microphone more than the same velocity fluctuation at a point
far away.

. AS used in the near field, a microphone will respond to the
more coherent part of the velocity field in its vicinity. Keep-

ing this in mind, we may proceed to examine some of the results.
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. Figure 8 shows the root mean square amplitude of pressure
fluctuations P (% ,#®), The distance from the nozzle exit plane
is x = ¥.d, and © 1is the semi-vertex angle of a right cir-
cular cone through the mlcrophone and the nozzle edge, as shown
in the figure., This variation is typical for both nozzles and
all Mach numbers less than unity. The sensitive area of the
microphone had a diameter of less than 1.5 millimeter. A set
of typical spectra are shown in Fig. 9. The power spectral

density of;p'(x,t) is plotted versus reduced frequency S = §#9U£———

for several streamwise locations., Similarity appears to ext
establish itself after transition has been completed. For high
frequencies, the/power spectral density decreases approximately
as (§F25—5—~)- . The spectra have a maximum near ?F&%£~_— = .25,

exlit exlt
the maximum value slowly decreasing with streamwise distance from

the nozzle iexit,.
Examples of measured pressure space-time correlations are
shown 1in Fig. 10 and 11, The cross-correlation coefficient

Rpp(g,ZSQ,rQ is what 1s actually shown, plotted as curves for
constant AS;.

Rpp 1s defined as follows:

RPP(Z: ’ A_E)}T) = < 'f’,(g!t) '("” (%’}’Ai >t +T)>F(;)%(E#A‘i) \

The data shown are raw data, taken directly from the output plotter
of our correlator, One sees from the figures that one may wish to

make a distinction between correlation phase velocity, th, and



Jet Flow and Jet Noise - Mollo-Christensen -3-

the velocity of the maximum correlation wg. wph may be defined as

?AR d R
Y N — —w / =¢p
.P" \“" (a3) = 3 3%
Rop = ©

This velocity is in all our measurements found to differ by less
than ten per cent from Ucenterline/e’ The microphones are there-
fore observing the pressure fluctuations associated with moving
turbulence, rather than sound. An upstream source of noise could
easlly radiate enough sound to obscure what we measured, or at
least change the correlation speed significantly.

g
fine, and I may be wrong in thinking of 1t as a group velocity.

The other correlation velocity, W_, is more difficult to de-

However, remembering that the mean flow in the jet 1is unstable,
it 1s not surprising that one disturbance excites a few more of
the same kind, these being added as the initial disturbance is
propagating downstream. A Jjet flow also has a deflnite starting
reglion, and develops fully within a few length scales from this
region; the;presence of & standing part of the disturbances 1is
thus not surprising. |

This 18 true in the sense of an average over a limited domain,
as, for example, defined by the velocity field "seen" by a micro-
phone., To a lesser degree, 1t also holds for local velocity
correlations, as can be Seen from Fig. 6. A crude approximation

for the "large eddy" part of the near pressure field 1s the form:
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(A

R (3, 8%,7) = 2 i (— % +[<AZ—W’T) W(Z)}

C*>\lmut (%&7; "'.VV;LJS)
d k3

where .R is a decay distance, U/d a frequency parameter and o a

e oM

nondimensional disturbance length. Our measurements indicate that
wg > wph.

Figure 12 shows how the maximum pressure correlatlon decreases
witﬁ separation A‘g. The indicated persistence of the coherent
part of the velocity field is indeed surprising, the distance for
a decay by a factor of 1/e being typically of order two Jjet
diameters and more than twice the distance of the upstream micro-
phone from the nozzle exit.

Figures 13 and 14 show examples of the maximum pressure correla-
tion coeffiecient across a Jjet diameter (ol = 180°) and around one
quarter of the jet circumference ( ol = 900), respectively.

Again, the high correlation is remarkable, illustrating how the
microphones respond to the more coherent part of the turbulent
velocity correlations. Also notable 1s the lncrease in correlation
with streamwise location, .once the exit Mach number is above 0.3,

I do not understand why the Mach number enters in here, inde-

pendently of Jjet diameter. The only reason I can think of 1s that
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for as quiet upstream conditions as we had in our experiment,
sound or compressibility plays a role in the transition processes
in the jet. How important compressibility is 1n this respect is
solely a function of the external noise and turbulence levels.

As a last example of the regults obtained in our experiments,
we show the far fleld spectra obtained at Mexit = 0.8 for Jjet

diameters 1/2" and 1" (Fig. 15). The square root of the dimension-

less power spectral density't9(zig%—g——) is plotted versus §$9Ug——
exit exit

for several values of £ and distances r from the center of the

nozzle opening. (P is defined by:

%, 2 2 % AL
oo - (ram) 4| o(E0)e (5%

0
where Q and:a are density and speed of sound at the nozzle exlt,
respectively.

The power spectral densitles differ for the two jet diameters,
no simple M? law describe the data within experimental accuracy,
although for T in the far field one finds that M' fits if one let
n vary from 9 to 6.7, which brackets M8 rather neatly.

It appears possible to fit the spectra for 2 > 60° into some
kind of similarity relationship, while the spectra for £ < 60° are

{ .
more complicated than the examples given by, for example, Ribner ().

5. Conclusions

The pressure space-time covariance in the near fleld of a Jet
extends over several wavelengths of the sound emitted at the maxi-

mum of far field power spectral density.
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The high-frequency space-time correlation decay fast with corre-
lation distance, although'it has not been measured in terms of decay
per wavelength of emlitted sound. More measurements are necessary.

The detalls of transition in a jet in the absence of upstream
noise depends upon Maéh number. The far field sound spectra from
Jets depend upon the details of the transitlion process as well as
the structure of the fully developed turbulent Jets.

None of these conclusions Qill affect the present methods for
crude cstimates of Jjet noise, the largest effect measured being

less than ten decibels in power spectral density.
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Figure 2.

Shadowgraph D
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Figure 3,

Shadowgraph D = 1"
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